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Abstract
Reheating is a process where the energy density of a dominant component of the universe other
than radiation, such as a matter component, is transferred into radiation. It is usually assumed
that the temperature of the universe decreases due to cosmic expansion even during the reheating
process, in which case the maximal temperature of the universe is much higher than the reheat
temperature. We point out that the temperature of the universe during reheating may in fact
increase in well-motivated scenarios. We derive the necessary conditions for the temperature to
increase during reheating and discuss concrete examples involving a scalar field. We comment on
implications for particle physics and cosmology due to an increasing temperature during reheating.
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1. INTRODUCTION
The observable universe is mysteriously homogeneous and isotropic even though different
patches of the universe are causally disconnected. This is known as the horizon problem.
The curvature of the universe is flat to a very high precision, which requires an incredible
amount of tuning if one attempts to offer an explanation by the initial condition. This is
referred to as the flatness problem. Both of these problems are elegantly solved by an early
epoch of cosmic inflation [1] (see also [2]), where the universe expands by many orders of
magnitude due to a positive potential energy. This large potential energy will eventually
create the radiation constituent of the present universe through the process called reheating.
The universe may also be reheated again due to long-lived particles or fields. Specifically,
string theory and models of supersymmetry generically contain flat directions in the scalar
potential that lead to light fields. The light fields tend to overclose the universe or cause
cosmological problems unless they are thermalized sufficiently early. Thermalization of light
fields reheat the universe again if the energy density dominates.
The conventional scenario for reheating assumes the perturbative decays of matter into
radiation. For inflationary reheating, as illustrated in Fig. 1, the radiation energy density of
the universe increases in a short period of time immediately after inflation to a maximum
value and decreases for the remaining duration of reheating due to cosmic expansion. Ra-
diation created from reheating will reach thermal equilibrium and can be characterized by
a temperature. The reheating period ends at the so-called reheat temperature TR, where
matter and radiation have comparable energy densities and the dissipation rate is also com-
parable to the Hubble expansion rate. For reheating by generic light fields, despite the term
reheating, the temperature of the universe never increases but simply decreases less quickly
than that without injection of energy. In this paper, we point out that, if the dissipation
rates of the inflaton and light fields increase with time, the temperature may increase or
remain constant throughout reheating. We provide examples where the dynamics of the
scalar fields itself leads to the increasing dissipation rate.
We point out several implications of such reheating eras where the universe does not cool
down during reheating as in the conventional scenario. In theories requiring a high reheat
temperature such as thermal leptogenesis [3–5], conventional reheating predicts that Tmax is
typically much larger than TR [6, 7] and a large Tmax may restore symmetries such as the
2
aosc aR
a
ρ(a)
Inflation
T ~ Hinf ∝ a0ρinf ∝ a0
ρR ∝ a0
MD
T ∝ a- 38 H ∝ T4 ρinf ∝ T8
Γ ∝ mϕ
ρinf ∝ a -3
ρR ∝ a- 32
RD
T ∝ a-1
H ∝ T2
ρR ∝ a -4
FIG. 1. The evolution of the energy densities of the inflaton ρinf and of radiation ρR with the
scale factor a on logarithmic scales, in the standard case of the perturbative decay of matter
into radiation for inflationary reheating. When the inflaton starts to oscillate at aosc immediately
after inflation, the inflaton decay brings radiation to its maximum value. Radiation then scales
as ρR ∝ a−3/2 during the matter dominated (MD) era. When decays are efficient, reheating ends
at aR and a radiation dominated (RD) era ensues. The scaling of the temperature T and Hubble
parameter H is also labeled. This cosmology arises when the rate Γ is constant in time.
Peccei-Quinn [8–13], left-right [14–24], or CP symmetries [25–29] and cause cosmological
domain wall problems [30, 31]. If the temperature instead increases or remains constant
during reheating, the maximum temperature Tmax achieved is only as high as the reheat
temperature TR and symmetry restoration is prevented. On the other hand, if the critical
temperature of a phase transition is below TR, the universe will undergo the phase transition
twice as the universe is heated up and cools back down. It is known that strong first
order phase transitions can generate observable gravitational waves [32]. An increasing
temperature may also lead to additional signals because of the extra phase transition. Lastly,
the understanding of dark matter production during the early stage of reheating [33–38] will
also be significantly modified by a qualitatively different temperature and time relation.
In Sec. 2, we analytically derive the cosmological evolution of the matter and radiation
energy densities and distinguish different reheating scenarios depending on the functional
form of the dissipation rate. In Sec. 3, we discuss various scenarios where the novel reheating
eras arise. In Sec. 4, we summarize and elaborate on the potential impact on particle physics.
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2. COSMOLOGICAL EVOLUTION FOR GENERAL REHEATING
In this work, we point out the possibility of cosmological eras where the temperature
of the radiation bath increases with time. To explore the condition for such a period, we
consider a generic time-dependent rate Γ for dissipation of matter with the energy density
ρM into the radiation bath with the energy density ρR. The Boltzmann equations read
ρ˙M + 3HρM = −ΓρM (2.1)
ρ˙R + 4HρR = ΓρM (2.2)
for matter and radiation respectively, where H =
√
ρM + ρR/
√
3MPl is the Hubble expansion
rate and MPl is the reduced Planck mass. We generalize the dissipation rate
Γ = bT n
(
a
ai
)k
, (2.3)
where T is the temperature, b is a model-dependent coupling, and a and ai are the scale
factor and initial scale factor respectively. The physical origins of the scale factor dependence
are provided in Sec. 3. Throughout this paper, we make the assumption that thermalization
is efficient and radiation sourced by dissipation of matter instantaneously reaches thermal
equilibrium, allowing us to write ρR = pi
2g∗T 4/30 at all times, where g∗ is the effective
degrees of freedom in the thermal bath. In this case, the rate can be expressed in terms of
the radiation energy density
Γ = β ρ
n/4
R
(
a
ai
)k
, (2.4)
where β = b (30/pi2g∗)
n/4
.
In analyzing the effects of this dissipation rate, we find that the pre-existing radiation bath
can play a critical role in determining the final dissipation condition. The initial radiation
bath is important for cosmologies where n ≥ 4, and we will detail these solutions in the
following subsections. As a starting point, however, we restrict ourselves to scenarios where
n < 4 and the contribution to radiation from matter dissipation dominates the pre-existing
radiation. In this case, with Eq. (2.2), we can estimate the amount of radiation produced
per Hubble time by
ρR ' Γ
H
ρM . (2.5)
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FIG. 2. Different reheating scenarios as a result of different dissipation rates. In our convention
described in Sec. 2, the scenarios are distinguished according n and k, which parametrize the
dependence of the rate Γ ∝ Tnak on the temperature T and the scale factor a. This diagram
excludes instantaneous reheating, which is possible but not of our interest in this paper.
Upon using Eq. (2.4) and assuming dissipation is not yet efficient in depleting matter,
i.e. ρM ∝ a−3, we obtain the radiation energy density as a function of the scale factor
ρR '
(
β
ρM,i
Hi
(
a
ai
)k− 3
2
) 4
4−n
, T ∝
(
a
ai
) 2k−3
2(4−n)
, (2.6)
where ρM,i and Hi are the initial matter energy density and the initial Hubble parameter
respectively at the time when the dissipation products dominate over the pre-existing ra-
diation bath. Fig. 2 describes the temperature scaling and reheating condition of the n-k
parameter space. Our result in Eq. (2.6) is valid for regions n < 4 of the diagram. When
n < 4 and k > 3/2, the radiation energy density grows with the scale factor as the uni-
verse evolves forward in time as indicated by Eq. (2.6). This implies that the temperature
increases while dissipation of matter is active, and that the reheat temperature TR is the
maximum temperature reached throughout the evolution. The white region in Fig. 2 corre-
sponds to the n < 4, k > 3/2 solution. In cosmologies where n < 4 and k < 3/2, we find no
period of increasing temperature and that the evolution is qualitatively the same as that of
perturbative decays (n = 0 and k = 0). This corresponds to the blue shaded region in Fig. 2.
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When k = 3/2, as on the black solid line of Fig. 2, the temperature will remain constant,
and the value can be obtained from Eq. (2.5) as long as dissipation is the dominant source
of radiation.
We provide both the analytic treatment and the numerical evaluation in the following
subsections for all n and k. Here we describe the final results presented in Fig. 2. The
rigorous analysis for n < 4 confirms our earlier results in the white and blue shaded regions.
In the gray region, we find that matter fails to transfer all its energy to radiation; hence,
while reheating can occur, dissipation does not complete. In this case, if the dissipation rate
is tuned close to the Hubble rate at the end of inflation Hinf , a long reheating epoch exists
but complete dissipation of matter is still absent. On the other hand, if Γ ≶ Hinf , then
reheating does not occur or instantaneously occurs, respectively. Furthermore, in the purple
hatched region, the temperature monotonically increases during reheating. The orange
hatched region corresponds to an intriguing case where the temperature only and abruptly
increases near the end of reheating, whether or not dissipation completes.
2.1. Exact Solutions of the Boltzmann Equation
Our previous estimate in Eq. (2.5) made the strong assumption that the pre-existing
component of radiation is negligible. A full analysis of Eqs. (2.1) and (2.2) will reveal that
the estimate is not valid when n ≥ 4, as the pre-existing radiation bath will significantly
affect reheating dynamics. Rewriting Eqs. (2.1) and (2.2) in terms of comoving energy
densities, XM ≡ ρM(a/ai)3 and XR ≡ ρR(a/ai)4, we obtain
X˙M = −ΓXM (2.7)
X˙R = ΓXM
(
a
ai
)
. (2.8)
At early times when the rate is negligible Γt  1, the solution reads XM(t) = XM(0).
Although the rate is negligible with respect to depleting the matter density, it can still be
significant in providing the dominant source of radiation.
The Boltzmann equation for the comoving radiation energy density is
X˙R = ΓXM
(
a
ai
)
= β X
n/4
R XM
(
a
ai
)k−n+1
, (2.9)
6
which one can solve in terms of the scale factor∫ XR
XR,i
dXR
X
n/4
R
= β
XM
aiHi
∫ a
ai
(
a
ai
)k−n+ 3
2
da (2.10)
∫ XR
XR,i
dXR
X
n/4
R
= β
XM
Hi
1
k − n+ 5
2
((
a
ai
)k−n+ 5
2
− 1
)
. (2.11)
We discuss different branches of solutions in the following subsections and summarize the
qualitative results in Fig. 2.
2.2. Solution for n < 4
For the case of n < 4, the solution of Eq. (2.11) is of the form
X
(4−n)/4
R = X
(4−n)/4
R,i + β
XM
Hi
4− n
4
(
k − n+ 5
2
) (( a
ai
)k−n+ 5
2
− 1
)
. (2.12)
We analyze the case of k − n + 5/2 > 0, by checking how each term in the radiation
energy density scales,
ρR =
(
X
(4−n)/4
R,i + β
XM
Hi
4− n
4
(
k − n+ 5
2
) (( a
ai
)k−n+ 5
2
− 1
)) 4
4−n ( a
ai
)−4
. (2.13)
The terms involving XR,i and −1 evolve adiabatically, i.e. scaling as (a/ai)−4, while the
remaining k-dependent term scales with the exponent(
k − n+ 5
2
)
× 4
4− n − 4 =
4k − 6
4− n . (2.14)
If k − n + 5/2 > 0 is satisfied, then this exponent is larger than −4 and the k-dependent
term will eventually become the dominant source of radiation. This set of solutions lies
above the gray boundary in Fig. 2. When a stricter condition k > 3/2 is also met as in the
white region, the scale factor’s exponent given by Eq. (2.14) is positive, which immediately
implies that the temperature increases with the scale factor. Since we are interested in the
period where the radiation sourced from matter dominates over the pre-existing radiation
energy density, the solution is simplified to
XR = Γ
XM,i
Hi
(
a
ai
)−k+n
4− n
4
(
k − n+ 5
2
) (( a
ai
)k−n+ 5
2
− 1
)
. (2.15)
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FIG. 3. The evolution of the inflaton energy density ρinf and radiation energy density ρR as a
function of the scale factor a. A concrete model in Sec. 3 with a rotating complex or fluctuating
scalar field φ demonstrates a dissipation rate Γ which depends on both temperature T and the
scale factor φ−2 ∝ a3. With this model, n = 3, k = 3 and we obtain a cosmology with a period of
increasing temperature prior to reheating at aR. These numerical solutions show that reheating is
achieved at the maximum temperature Tmax and is preceded by a period of increasing temperature
where ρR ∝ a6. In the upper panel, the initial radiation energy density ρR,i is subdominant and
the scattering term drives the period of increasing temperature. In the lower panel, ρR,i is the
dominant source of radiation at the onset of inflaton oscillations until the dissipation begins to
drive the period of increasing temperature. The lower panel can be generalized to the case of
generic reheating by replacing the inflation period with the analytic continuation of the curves
from aosc to earlier. In both cases, reheating is complete when Γ ' H.
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FIG. 4. The evolution of the inflaton energy density ρinf and radiation energy density ρR for
parameters n = 0 and k = 3. In typical models of large field inflation, a large inflaton mass and
low reheat temperature may be of interest. In such cases, the thermal effect is negligible and
the rate would then depend on the inflaton mass Γ ∝ m3φ/φ2. Qualitatively similar to Fig. 3,
the temperature increases once the radiation from dissipation dominates over the pre-existing
radiation bath, and reheating completes when Γ ' H. In this case, radiation scales ρR ∝ a3/2
when temperature is increasing.
In terms of the energy densities, ρM and ρR, the solution reads
ρR = ρM
Γ
H
4− n
4
(
k − n+ 5
2
) (1− (ai
a
)k−n+ 5
2
)
. (2.16)
This solution is consistent with our earlier analysis in Eq. (2.6), where k > 3/2 implies an era
of increasing temperature. On the other hand, k − n+ 5/2 < 0 implies adiabatic evolution
9
because the pre-existing radiation remains the dominant component based on Eq. (2.13).
An example of a cosmological history with this solution is shown in Fig. 3 for the values of
n = 3 and k = 3 and another is shown in Fig. 4 for the values of n = 0 and k = 3. Both
of these cases belong to the white region of Fig. 2. In both Figs. 3 and 4, the upper panels
assume that the dissipation products dominate immediately after inflation, while the lower
ones assume that the dominant source of radiation is from the pre-existing thermal bath.
On the black line in Fig. 2, k = 3/2 and the temperature reaches a constant value, which
can be computed from Eq. (2.16), during the matter dominated era until reheating ends.
It is depicted in Fig. 5 that the constant temperature is attained when the new radiation
from dissipation dominates the pre-existing radiation bath, either right after inflation as
in the upper panel or after the pre-existing bath redshifts to become negligible as in the
lower panel. In all of the cases above, both dissipation and reheating complete when the
dissipation rate and Hubble parameter are comparable Γ ' H.
If instead k − n + 5/2 < 0, the k-dependent term will become irrelevant at late times,
at which point XR becomes a constant. In this case, some amount of matter is transferred
into radiation before the interaction rate is inefficient and dissipation does not complete.
After XR approaches to the asymptotic value, radiation evolves adiabatically. This branch
of solutions is in the overlap of the blue and gray regions of Fig. 2, i.e. between the black
dotted line and the gray boundary.
Although we demonstrate all cosmological histories for inflationary reheating in the fig-
ures, we stress that, unless noted otherwise, our analysis throughout this paper is also
applicable to generic reheating, i.e. not necessarily immediately after inflation, from any
matter such as moduli fields.
2.3. Solution for n > 4
For n > 4, although the solution rewritten here as
XR =
(
X
(4−n)/4
R,i − β
XM
Hi
4− n
4
(
k − n+ 5
2
) (1− ( a
ai
)k−n+ 5
2
)) 4
4−n
, (2.17)
is mathematically identical to Eq. (2.12), the analysis is significantly different. When n > 4,
the exponent 4/(4 − n) is negative. Unlike the case with n < 4, a small XR,i term is not
negligible and instead important for understanding the qualitative behavior.
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FIG. 5. The evolution of matter ρinf and radiation ρR for a cosmology where reheating is driven by
dissipation of a coherently oscillating scalar field φ with a rate proportional to T 2 and φ−1 ∝ a3/2
(assuming a quadratic potential) implying n = 2 and k = 3/2. In this case, as shown in Sec. 3,
reheating is preceded by a period of constant temperature. In the upper panel, the initial radiation
energy density is subdominant and dissipation after inflation brings radiation to a constant value
for the duration of the matter dominated era. In the lower panel, the inital radiation dominates for
a period until it redshifts as a−4 and the scattering term again dominates until reheating. During
the period of constant temperature, dissipation replenishes the radiation as quickly as it redshifts.
This is an inflection point of decreasing and increasing temperature of the diagram in Fig. 2 with
k = 3/2. The lower panel can be generalized to the case of generic reheating by replacing the
inflation period with the analytic continuation of the curves from aosc to earlier.
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We now discuss the set of solutions inside the part of the orange hatched region that is
outside the gray region of Fig. 2. For k−n+5/2 > 0, the k-dependent term will dominate at
late times and the entire β-dependent term becomes increasingly negative and will eventually
cancel X
(4−n)/4
R,i at a finite a, which is much larger than ai unless β is large. The current
case n > 4 implies that the entire expression in Eq. (2.17) is raised to a negative power and
a cancellation between the two terms in the expression causes a sharp increase in XR and
thus the temperature. At this point, XR becomes sufficiently large in a short time so that
XM is entirely depleted. Therefore, dissipation always completes for any nonzero value of β.
Since the power law dependence of ρR on a given in Eq. (2.14) is negative in this case, the
temperature continues to decrease until the moment before reheating completes. The final
sudden increase in the temperature causes the rate to overshoot the threshold of efficient
dissipation, i.e. Γ  H, depleting matter instantaneously. The reheat temperature can be
estimated from conservation of energy ρM(TR) = ρR(TR), where ρM(TR) is obtained from the
adiabatic evolution up until the aforementioned cancellation occurs. This behavior is non-
linear and best visualized in Fig. 6. This phenomenon is physically understood as follows.
Efficient dissipation increases the temperature, which in turn enhances the dissipation rate
sharply due to the T n dependence. This feedback enhancement occurs during a non-adiabatic
phase for all n > 0; nevertheless, the behavior of a sudden completion of dissipation is
apparent for n ≥ 4 because a rate highly sensitive to the temperature, i.e. large n, is
required to exhibit this phenomenon. We note that Tmax = TR is possible as long as TR is
larger than the initial temperature right after inflation, which is true unless β is too small.
For k − n + 5/2 < 0, the k-dependent term will vanish at late times and the entire
β-dependent term approaches a constant value
Z ≡ −βXM
Hi
4− n
4
(
k − n+ 5
2
) < 0. (2.18)
If |Z|  X(4−n)/4R,i , then the final XR is only slightly modified from XR,i, implying that
reheating does not occur. If |Z|  X(4−n)/4R,i , then X(4−n)/4R,i + Z will exhibit a cancellation
at a value of a only slightly larger than ai. The evolution is qualitatively the same as
instantaneous reheating. If |Z| ' X(4−n)/4R,i instead, a similar situation occurs except that
XM is only partially depleted and dissipation does not complete. An example of this type is
illustrated in Fig. 7 with the full numerical solution. A rigorous numerical analysis confirms
that dissipation never completes unless β is sufficiently large and in this case one reproduces
12
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FIG. 6. The evolution where the dissipation rate arises from a higher dimensional operator involving
a rotating or fluctuating scalar field φ as discussed in Sec. 3. We assume a quadratic potential so φ ∝
a−3/2 and thus n = 5 and k = 3. The radiation created from dissipation is initially subdominant
to the pre-existing one during MD, which is followed by a rapid completion of dissipation due
to non-linear effects, giving TR = Tmax. This figure can be generalized to generic reheating by
replacing the inflation period with the analytic continuation of the curves from aosc to earlier.
the usual instantaneous reheating. An extended period of reheating is only possible with a
tuned β. The temperature monotonically increases with a tuned β during reheating when
the power of ρR ∝ a
6−4k
n−4 based on Eq. (2.14) is positive, which is the case for k < 3/2. This
case falls into the purple hatched region of Fig. 2. For k > 3/2, the temperature increases
only in the last stage of reheating when the aforementioned cancellation is occurring. This
corresponds to the overlap of the gray region and orange hatched region of Fig. 2. We note
that the discussion in this paragraph is only applicable to inflationary reheating because
otherwise dissipation would have been completed in early times a ai for generic reheating.
2.4. Solution for n = 4
A special solution of Eq. (2.12) exists in the case of n = 4. Here, the radiation energy
density takes the solution in the form of an exponential,
XR = XR,i exp
[
β
XM
Hi
2
2k − 3
((
a
ai
)k− 3
2
− 1
)]
, (2.19)
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FIG. 7. The evolution of the energy densities ρinf and ρR where Γ ∝ T 5a so n = 5 and k = 1.
For these values of n and k, dissipation will not complete and tuning is required for a prolonged,
but incomplete, period of dissipation. In this cosmology, the temperature will increase at a rate
T ∝ a1/2 as ρR ∝ a2 and the maximum temperature corresponds to the reheat temperature. Still,
matter is not completely depleted and the radiation dominated era after this incomplete dissipation
is followed by a second matter dominated era.
ρR = ρR,i
(
a
ai
)−4
exp
[
Γ
ρM
ρRH
1
k − 3
2
(
1−
(ai
a
)k− 3
2
)]
. (2.20)
This solution ultimately displays similar behavior as the adjacent n > 4 regions. In par-
ticular, Fig. 2 is segmented into a black dotted line and a black dashed line at n = 4. On
the dashed line where k > 3/2, there can be a period of increasing temperature as in the
region with n > 4 and k > 3/2. On the black dotted line where k < 3/2, the temperature
decreases throughout the evolution and reheating only occurs when parameters are tuned,
as in the region for n > 4 and k < 3/2.
3. REHEATING SCENARIOS ARISING FROM PARTICLE PHYSICS MODELS
We now discuss the physical origins that give rise to the dependence of the dissipation
rate on the temperature T and the scale factor a as parameterized by Γ ∝ T nak in Eq. (2.3).
The simplest scenario is the perturbative decay so that the rate is a constant so n = 0
and k = 0. The evolution is illustrated in Fig. 1. Contrary to what the term reheating
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suggests, the temperature constantly drops shortly after the onset of reheating.
If the dissipation interaction results from an operator with dimension 4 + p and the
suppression scale Λ of the operator is time-independent, the rate is expected to be Γ ∝
T 1+2p/Λ2p by dimensional analysis. If there is no additional scale factor dependence, we
obtain n = 1 + 2p and k = 0.
On the other hand, if the suppression scale is given by the field value of a scalar φ that
evolves in its potential V (φ), then k is nonzero due to the redshift of φ. For example, the
higher dimensional operator in the effective field theory can be a result of integrating out a
heavy state ψ whose mass mψ(φ) = yφ is from the Yukawa interaction
L = yφψψ¯ , (3.1)
where y is the coupling constant. When the low energy effective theory, obtained from inte-
grating out ψψ¯, contains a dimensionless coupling constant which logarithmically depends
on the mass of ψψ¯ through the renormalization, the interaction between φ and the thermal
bath is suppressed by the field value of φ. This is, for example, the case when ψψ¯ is charged
under a gauge symmetry and φ couples to the gauge bosons with the field strength Fµν ,
L ∝ log φ
T
FµνF
µν . (3.2)
The logarithmic dependence comes from the renormalization of the gauge coupling constant.
The dissipation rate of φ is [39–41]
Γ ∝ T
3
|φ|2 , (3.3)
which is valid when T  mφ. Otherwise, the rate is mass dependent instead
Γ ∝ m
3
φ
|φ|2 . (3.4)
When the low energy theory contains a dimension-five interaction which has a suppression
scale M and logarithmically depends on the mass of ψψ¯ through the renormalization, the
interaction of φ with the thermal bath is suppressed by M and the field value φ. One
example is a dimension-five interaction between a scalar S and a fermion η,
L = 1
M
log
φ
T
SSηη . (3.5)
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The suppression scale M can be understood as originating from the mass MN of some heavy
state N . When N is integrated out, a Yukawa coupling ySSηN then gives the effective
operator in Eq. (3.5) with 1/M ' y2S/MN . On the other hand, the logarithmic dependence
on φ can originate from the renormalization of the mass MN and/or the Yukawa coupling
yS by a coupling involving ψ or ψ¯. The dissipation rate of φ is
Γ ∝

T 5
M2|φ|2 for T  mφ
m5φ
M2|φ|2 for T  mφ
. (3.6)
We consider the case where the field value of φ is initially large and decreases by red-
shifting during reheating towards φ = 0 where ψψ¯ is massless. We also assume that the
potential of φ is nearly quadratic. If φ is an inflaton, the large initial field value is realized
in large field models. The Starobinsky model [42] is consistent with the Cosmic Microwave
Background observations [43]. A simple class of chaotic inflation [44] is excluded by the
upper bound on the tensor fraction [43], but there exist models where the inflaton potential
becomes flat at large field values so that the tensor fraction is suppressed [45–58]. Alterna-
tively, the curvature perturbations of the universe may be sourced by spectator field models
such as a curvaton [59–66] or modulated reheating [67–70]. If φ is a generic scalar field, the
large initial field value may be a result of a flat potential of φ or a negative mass term given
by the coupling with the inflaton [71]. For both the inflaton and the generic scalar field, the
decrease of the field value towards the point where ψψ¯ is massless is naturally explained if
φ is charged under some (approximate) symmetry, such as a Z2 or a U(1) symmetry.
The field value φ may change rapidly, and one should use a dissipation rate averaged over
a time period longer than the time scale of the change of φ. In what follows, we discuss three
possible scenarios for dynamics of φ in the potential: rotations, oscillations, and fluctuations.
We first discuss the dissipation rates given by Eqs. (3.3) and (3.4). Possible dynamics
for φ is the rotation of a complex field in the phase direction. Such rotations actually occur
in Affleck-Dine baryogenesis [71–73],baryogenesis from a complex inflaton field [74–76] or
from an axion field [77–81], magnetogenesis from an axion field [82], and the axion dark
matter production with kinetic misalignment [83]. If the rotation is sufficiently circular so
that the minimal value of λ|φ| during the cycle is above T or mφ for T  mφ and T  mφ
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respectively, the averaged dissipation rate is given by
Γave ∝

T 3
φ¯2
for T  mφ
m3φ
φ¯2
for T  mφ
. (3.7)
Here φ¯ is the amplitude of the rotation and redshifts as a−3/2 for a quadratic potential in
the radial direction, giving n = 3 and k = 3 for T  mφ and n = 0 and k = 3 for T  mφ.
As derived in Sec. 2.2 and also summarized in Fig. 2, these scenarios lead to increasing
temperature during reheating. In Fig. 3 for T  mφ and Fig. 4 for T  mφ, the upper
(lower) panels result if the radiation energy density is initially dominated by the component
created from dissipation (by the pre-existing component).
Another possibility is that φ oscillates around the minimum of the potential. For the
oscillation in a vacuum potential, the averaged dissipation rate is given by [41]
Γave ∝

T 2
φ
for T  mφ
m2φ
φ
for T  mφ
, (3.8)
where φ is the amplitude of the oscillation. This scaling assumes that the non-perturbative
process such as parametric resonance is ineffective.1 Such a scaling for T  mφ can be
understood as follows. The dissipation rate is enhanced when mψ(φ) gets small during the
oscillation. However, the effective operator is valid only when mψ(φ) > T so that ψ can be
integrated out. Therefore, the estimate is Γave ∝ δ × T 3/φ2th where mψ(φth) ≡ T and δ is
the fraction of the period when φ ∼ O(φth). Here δ is estimated by the ratio of the duration
when φ is O(φth), i.e. φth/φ˙ ' φth/mφφ, to the period of the cycle, m−1φ . Now with δ = φth/φ
and φth = T/y, one obtains the scaling in Eq. (3.8). For T  mφ, one should replace T
with mφ in the above discussion. For a quadratic potential with φ ∝ a−3/2, Fig. 5 illustrates
the evolution which exhibits an era with constant temperature as elaborated in Sec. 2.2.
An epoch with a constant temperature was first pointed out in Ref. [84] in the context
of Higgs dynamics with a large initial field value after inflation. The upper (lower) panel
applies when the initial radiation energy density is dominated by the component created
1 Parametric resonant production of ψ is ineffectiveness if the adiabaticity condition m˙ψ/m
2
ψ < 1 is satisfied
throughout the cycle with m2ψ ' λ2φ2 + T 2. Given that m˙ψ/m2ψ is maximized when λφ ' T , the
adiabaticity condition is satisfied when λφ¯ < T 2/m. Even if this condition is violated, since ψ is a
fermion, Pauli-blocking prevents the effective transfer of the energy of φ into ψ.
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from dissipation (by the pre-existing component). Here we have simply assumed a scaling
of φ¯ ∝ a−3/2 throughout the evolution, which is not a good approximation near the end of
reheating. Instead, φ will decrease due to depletion of ρinf , the rate is enhanced, and thus
the temperature will increase towards the completion of reheating.
The last possibility is that φ is not in the form of a coherent condensate but large fluctu-
ations. This scenario results from a non-perturbative process such as parametric resonance.
When the oscillating or rotating φ has a self-interaction, the mass of φ oscillates and the
fluctuations of φ is amplified by parametric resonance. Once the amplitude of the fluc-
tuations becomes as large as that of the coherent condensate, φ is better described as a
fluctuating field rather than as a coherent condensate. Furthermore, the initial coherent
condensate is destroyed and converted to fluctuating excitation due to the back-reaction.
The fragmentation of the φ condensate into fluctuations can also occur by the parametric
resonance production of an additional field χ if φ has a sufficient coupling with χ. This
arises in a variety of particle physics considerations, e.g. preheating after inflation [85, 86]
and the production of dark matter in the early Universe [87, 88]. The resultant estimation
of the averaged dissipation rate is expected to be similar to that of the rotation because,
unlike the coherent oscillation case, the fluctuating field rarely evolves close to the origin
and the corresponding enhancement is absent. We note that, in the case of χ production,
back-reaction may not occur if χ is efficiently dissipated while being produced. Dissipation
of φ may already complete by a very efficient parametric resonant production of χ and the
dissipation of it – the scenario considered in instant preheating [89].
After discussing possible dynamics of φ, we now return to the dissipation rate given by
Eq. (3.6), where n = 5. A rotating or fluctuating φ gives k = 3, while an oscillating φ gives
k = 3/2. Fig. 6 illustrates the evolution for the rotating or fluctuating φ, which exhibits an
era with decreasing temperature followed by a sudden non-adiabatic phase near the end of
the matter dominated era. We emphasize again that such an intriguing phenomenon is not
a result of an approximation and can be understood from the analytic derivation in Sec. 2.3.
For completeness, we show in Fig. 7 the cosmological evolution for Γ ∝ T 5a. As eleborated
in Sec. 2.3, the solution in this category, i.e. the purple hatched region in Fig. 2, requires
fine tuning in the rate for successful completion of dissipation. In this fine-tuned case, the
temperature constantly increases during the matter-dominated era. On the other hand, if the
rate is larger (smaller) than the required tuned value, dissipation completes instantaneously
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after inflation (never completes). Unlike other cases discussed in this paper, a physical origin
of such a dissipation rate is currently lacking even though the prolonged period of reheating
with monotonically increasing temperature is interesting.
4. DISCUSSIONS
In our efforts to attain a more comprehensive understanding of reheating, we have found
new dynamics of reheating in the early universe. These new possibilities are studied during
an early matter dominated era with a generic dissipation rate dependent on the temperature
T and scale factor a as in Eq. (2.3). The rate is parameterized as Γ ∝ T nak. In contrast
to the usual perturbative decay scenario (n = 0 and k = 0) where the universe cools during
reheating at a rate slower than that with adiabatic expansion, we show that it is possible for
the temperature to remain constant or increase during reheating. Our understanding of the
n-k parameter space is summarized in Fig. 2. In particular, for values n < 4 and k > 3/2
or n ≥ 4 and k < 3/2 the temperature increases monotonically throughout reheating.
Furthermore, in the case where n ≥ 4 and k > 3/2, the temperature will increase abruptly
only during the final stage of the matter dominated era. If k = 3/2 we find a period of
constant temperature. Among these categorizations, we also find that the matter energy
density can only be completely depleted outside the gray region, i.e. k − n+ 5/2 > 0.
Not only are the scenarios presented mathematically possible but we also motivate regions
of the n-k parameter space with different field theoretical origins of the dissipation processes.
Our analysis in Sec. 3 shows that the dynamics of a scalar field φ leads to a non-trivial
dissipation rate. If the scalar field is complex and rotates in its potential or obtains large
fluctuations because of parametric resonance, we show that dissipation can proceed via a
rate Γ ∝ T 3/φ2 or Γ ∝ m3φ/φ2 with k = 3 for a quadratic potential of φ. These models are
in the region of n < 4 and k > 3/2 of our n-k parameter space and the temperature will
increase throughout reheating. Furthermore, coherent oscillations around the origin of a
scalar field can lead to a dissipation rate Γ ∝ T 2/φ¯ with oscillation amplitude φ¯ ∝ a−3/2 for
a quadratic potential. We relate such a scaling to n < 4 and k = 3/2 where the temperature
remains constant until the end of reheating. We also show an example where rotations or
fluctuations of a scalar field can lead to a rate Γ ∝ T 5/φ2, which implies n = 5 and k = 3
for a quadratic potential. Our analysis shows that models with n ≥ 4 and k > 3/2 have
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the interesting quality of sudden non-linear dissipation at the end of reheating. Compelling
models of inflation, baryogenesis, the solution to the strong CP problem, and dark matter
production contain scalar fields which rotate or oscillate in their potentials. In addition to
the original motivation, these models introduce interesting cosmological phenomenology.
The importance of the trait TR = Tmax, a direct consequence of constant or increasing
temperature, cannot be overstated as it can resolve existing complications in models with
high reheat temperatures and additional spontaneously broken symmetries. Even if the
phase transition temperature is above TR, in the conventional picture of reheating where
Tmax > TR, the symmetries may be thermally restored after inflation. If subsequent sym-
metry breaking produces stable topological defects, they may cause cosmological problems.
Symmetry restoration can be prevented when Tmax is only as large as TR. Another phe-
nomenological feature of models with increasing temperature is that phase transitions can
occur twice, once as the temperature increases beyond the critical temperature during re-
heating, and again after reheating as the temperature decreases with adiabatic expansion. If
the phase transition is of first order, the additional first order phase transition may generate
observable gravitational waves. Finally, if dark matter is produced before or during this
novel cosmological era, the new temperature evolution must be considered. The thermal
history of the universe affects thermal relic abundances and can even impact dark matter
production mechanisms as scaling behavior changes before TR. For physics dependent on
Tmax, relating Tmax to features of the theory instead of inflationary initial conditions improves
the predictability of the theory.
In summary, by studying the structure of the Boltzmann equations with a generic dissi-
pation rate dependent on the temperature and scale factor, we categorize novel cosmological
eras. We demonstrate theoretical origins of dissipation rates responsible for most of the
categorized cosmological eras. These origins are not simply plausible but may play a role in
theoretically motivated scenarios and lead to physically observable consequences.
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